Soybean seed coats are an underutilized byproduct from the commercial crushing of soybeans to make soymeal and soy oil. These seed coats constitute 7 to 10% of the weight of a bushel of soybeans so they provide a substantial opportunity to add value to each bushel. Overall, the United States produces approximately 6 million metric tons of seed coats each year. Biologically active compounds contained in soybean seed coats have been shown to prevent and or reduce macular degeneration, obesity, cancer, and many other debilitating diseases. For example the seed coats of YJ-100 black soybeans contain more than 20 mg/g of anthocyanins, the highest concentration of anthocyanins of all plants materials including other row crops. The purpose of this paper is to examine the chemical content of soybean seed coats, highlight opportunities to add value and discuss the potential health benefits of these chemicals.
Introduction

History of Soybeans
Economically, soybeans are the most important bean in the world and have been a major part of the diet in many Asian countries for more than 5,000 years. Soybean and soy products represent one of the richest and most economical sources of protein (Codina, Arduso, Lockney, Crisci, & Medina, 2003) . In the early 1900s soybeans were grown mainly in China, Indonesia, Japan, and Korea (Burtis, 1950) . World War II disrupted the flow of soybeans from Manchuria to Europe, and after the war soy exports never resumed (Shurtleff & Aoyagi, 2007) . During this same war-time period the U.S. needed domestic sources of fats, oils, and animal feed meal and consequently increased soybean production, passing both Manchuria and China in one year to become the world's leading soybean producing country (Shurtleff & Aoyagi, 2007) . Global soybean production for 2013-2014 is projected at 281.7 million tons (Agricultural Marketing Service, 2013) . Soybeans are used primarily as an oil seed but also serve as a feedstock for livestock and aquaculture, as well as being a good source of protein for the human diet. Soy oil has recently become important as a biofuel feedstock (Masuda & Goldsmith, 2009) . Soy is also used as soy flour and soy oil in baking, bread-making, and processed foods including textured vegetable protein and a range of imitation meat products (Roccisano & Henneberg, 2012) .
Phenolic compunds also naturally occur in soybeans, including flavonoids, tannins and lignin precursors (Malenčić, Popović, & Miladinović) . Many researchers assert that phenolics may act as antioxidants, reducing the risk from coronary heart disease, and may also play an anticancer role (Grassmann, Hippeli, & Elstner, 2002; Blokhina, Virolainen, & Fagerstedt, 2003) . Xu and Chang (2008) found that the seed coats of soybeans had higher total phenolic indexes and antioxidant activities than whole or dehulled soybeans. However, they also discovered that assay methods affected the amount of antioxidant capacity attribuatable to seed coats or dehulled beans. The 2-diphenyl-1-picryhydrazyl (DPPH) and ferric reducing antioxidant power (FRAP) methods determined that the seed coat contributed 90% of the total antioxidant capacity, but when measured with the oxygen radical absorbance capacity (ORAC) method, the seed coat and dehulled portion contributed about the same amount to the total antioxidant capacity (Xu & Chang, 2008) . While these antioxidant capacities measured by these assays are impressive, the extent that these phenolic compunds contribute to clinical outcomes of human disease processes is still being debated (Habauzit & Morand, 2011) .
Saponins are detergent like compounds found in many plant species, including the soybean. Saponins from soy have been reported to have several health improving functions incuding functioning as antioxidants (Yoshikoshi, Yoshiki, Okubo, Seto, & Sasaki, 1996; Ishii & Tanizawa, 2006) , lowering of cholesterol (Lee, Simons, Murphy & Hendrich, 2005) , protecting against kidney and liver disease (Kinjo, Imagire, Udayama, Arao, & Nohara, 1998; Philbrick, Bureau, Collins, & Holub, 2003) , and shrinking or preventing cancerous tumors (Kerwin, 2004) . The soy hypocotyl has the greatest concentration of saponins, and there are none present in the seed coats (Anderson & Wolf, 1995; Jin, Yang, Su, & Ren2006) .
For every ton of soybeans processed approximately 8% of the total mass is discarded as soybean seed coats, also called hulls (Sessa, 2004) . At present, some soy hulls are used to produce feed for cattle and other animals, but large amounts of soy hulls are left to waste (Sessa, 2004) . 
Soybean Seed Coat Composition
The seed coat of the mature soybean has been well characterized, and contains features in common with the majority of the legumes: an epidermal layer of palisade cells, or macrosclereids, a sub-epidermal layer of hourglass cells, or osteosclereids, a few layers of parenchyma, and an aleurone layer (Miller, Bowman, Gizen, & Miki, 1999) . These features give the seed coat mechanical strength and some degree of impermeability to water and/or gases in order to regulate the metabolism, growth, and development of the inner tissues and organs of the seed (Murray, 1979) ; it has been hypothesized that the seed coats may determine seed size (Corner, 1951; Stafford, 1978) . Soy hulls contain much less protein than the whole soybean, but are much higher in fiber (Table  2 ). Certain compounds that may have a health benefit for humans, such as antioxidants and anthocyanins, are in greater abundance in the seed coat than in the interior of the seed (Xu & Chang, 2008) . As far back as 1992 it had been determined that inclusion of dietary fiber from soybean seed coats lowered the levels of total lipids, cholesterol and glycerides (Uberoi, Vadhera, & Soni, 1992) . According to Murray-Kolb, Welch, Theil, and Beard (2003) , soybean seed coats are a good source of iron partially due to the low phytate levels, since phytate is known to reduce the bioavailability of iron in foods. Seed coats doubtless contain other minerals but no mineral deficiency in humans is as widespread as that of iron, and we will therefore restrict our discussion to this single mineral. Gizjen, van Huystee, and Buzzell (1993) reported differences in levels of peroxidase are different in the hulls of different soybean cultivars. Alvarez, Krzyzanowski, Mandarino, and França-Neto (1997) indicated that lignin levels vary amongst various types of soybean seed coats. Xu and Chang (2008) suggested that almost three-quarters, 73.4%, of the phenolic antioxidant compounds are found in the seed coat part of the soybean. In a study by Sessa and Wolfe (2001) , it was reported that soybean seed coats may provide a source of trypsin inhibitor the Bowman-Burk Inhibitor (BBI), which could be a potential anticancer agent. Soybean seed coats do not contain appreciable amounts of phytic acid, saponins or isoflavones (Table 2) . Soybean seed coats exist in a range of colors from black, brown, green, blue, yellow to mottled. Commercially grown soybean (Glycine max) varieties have yellow seeds; however, some soybean varieties accumulate anthocyanins within the epidermal layer of the seed coat leading to the range in colors (Todd & Vodkin, 1993) . Two unlinked loci control the color of seed coats; one locus controls where anthocyanins are produced and results in 4 unique phenotypes: complete absence of seed coat pigment, pigment limited to the narrow hilum area where seed and pod are attached, pigment in a saddle-shaped region over two-thirds of the seed coat, or a completely pigmented seed coat (Lindstrom & Vodkin, 1991) . Colored seed coats contain anthocyanins as well as other chemicals of potential interest for human health. The remainder of this review will detail some of the most abundant chemicals found in soybean seed coat and explore the potential impact on human health.
Selected Valuable Components of Soybean Seed Coats
Iron
Iron deficiency anemia (IDA) is the most common and widespread nutritional disorder in the world, and is also the only deficiency that is present in industrialized countries as well as in developing ones (Shaw & Friedman, 2011) . Infants are the most susceptible group due to their high demand for iron during rapid growth coupled with a diet typically low in bioavailable iron even when breast-fed past 6 months of age (INACG, 1998) . After 6 months of age, dietary requirements for iron increase markedly, leading to iron deficiency in late infancy and into the second year of life (Aggett, Barclay, & Whitley, 1989) . If the deficiency progresses into IDA there may be delayed mental and motor development (Booth & Aukett, 1997) and the consequences of IDA may be irreversible (Aggett et al., 2002) .
Soybean seed coats were identified in the early 1980s as being a rich source of dietary iron (Levine, Weaver, & Kirleis, 1982; Weaver, Nelson, & Elliott, 1984) . While the iron in hulls is readily assimilated by humans, soybean meal has very poor iron bioavailability (Welch & Van Campen, 1975; Jacob, Sandstead, Klevay, & Johnson, 1980; Lynch, Beard, Dassenko, & Cook, 1984; Johnson, Berry, & Weaver, 1985; Lykken, Mahalko, Nielsen, & Dintzis, 1987; Beard et al., 1988) . Martino et al. (2011) studied the chemical composition and iron bioavailability to rats of soybean flour with and without hulls made from a new cultivar of soybean. Soybean hull flour contained 37% more total dietary fiber and a higher content of iron than the hull-less soybean flour. Animals fed soybean flour with hulls presented hemoglobin gains similar to those of the control diet group. Heat-treated soybean hull flour had a high content of iron and low content of phytate, which favors iron bioavailability. Thus soybean hulls may have potential as a source of iron fortification in baked products.
Bowman Birk Inhibitor
The Bowman-Birk inhibitor (BBI), initially identified in the 1940s (Bowman, 1944 (Bowman, , 1946 and later purified by Birk (1961) is the major protease inhibitor present in soybean seed coats. Soybean BBI is a known cancer chemopreventative and anticarcinogenic agent (Sessa & Wolf, 2001 ). The potential for using BBI as a therapeutic agent has been studied for many years; early animal studies demonstrated that BBI prevents the development of malignancies in different animal tumor model systems (Kennedy, Beazer-Barclay, Kinzler, & Newbern, 1996) . A soybean preparation enriched in BBI received drug status by the U.S. FDA and was evaluated in human clinical trials for treatment of benign prostatic hyperplasia or precancerous conditions, such as oral leukoplakia and ulcerative colitis (Table 3) . Malkowicz et al. (2001) observed a significant decrease in prostate specific antigen levels as well as a decrease of prostate volume after treatment with soy BBI. In early trials results for oral leukoplakia were promising, but in a phase II trial there was no difference between the placebo and BBI groups (Armstrong et al., 2000a (Armstrong et al., , 2000b (Armstrong et al., , 2013 . Amigo-Benavent, Nitride, Bravo, Ferranti, and del Castillo (2013) evaluated the feasibility of soybean BBI as a natural functional food ingredient added to orange juice. Samples of freshly squeezed orange juice and two orange juice model systems with and without BBI were prepared and processed mimicking pasteurization and sterilization industrial conditions, and stored at 4 o C for two months. The samples were digested in vitro under oral-gastrointestinal physiological conditions. Results indicated that the activity of BBI survived thermal processing, storage and digestion processes. Furthermore, BBI has been proposed as an oral delivery treatment for multiple sclerosis or other autoimmune disorders (Gran et al., 2006; Safavi & Rostami, 2012) and its biotechnological potential as a molecular building block is still being explored (Losso, Munene, Bansode, & Bawadi, 2004; Muricken & Gowda, 2011) . Thus, soybean seed coats may provide a new, inexpensive source of BBI concentrate for use as a potential anticancer agent.
Anthocyanins
Anthocyanins are intensely colored, water-soluble pigments that can be obtained from various fruits, vegetables, roots, tubers, bulbs, legumes, and cereals; over 300 structurally distinct anthocyanins have been identified in nature (Mazza & Miniati, 1993; Petri, Krawczyk, & Kery, 1997; Bridle & Timberlake, 1997; Renault et al., 1997) . Several anthocyanins have been identified in soybean seed coats (Table 4) . Anthocyanins are also known to have pharmaceutical effects (Mazza & Miniati, 1993; Fiorini, 1995; Petri et al., 1997) and have been used in the treatment of various circulatory disorders (Bettini, Fiori, Martino, Mayellaro, & Ton, 1985) and inflammatory disease (Vincieri, 1992) . Waterhouse (1995) reported that the antioxidant properties of anthocyanins may reduce the risk of coronary heart disease. Soybeans have various seed coat colors including yellow, green, brown, or black, which are due to anthocyanins, chlorophyll, and various combinations of breakdown products of these pigments in the seed coat (Todd & Vodkin, 1993; Chung, 1998) . Several authors reported that seed coats from black soybeans contain the greatest levels of anthocyanins of all pigmented soybeans (Choung et al., 2001; Zhang et al., 2011) .
Damage to the heart muscle caused by the return of blood flow to tissue that was deprived of oxygen (reperfusion injury) is mediated by a pro-inflammatory cytokine, tumor necrosis factor-alpha (TNF-α; Shames et al., 2002) . Kim et al. (2006) demonstrated that anthocyanins isolated from black soybean seed coat inhibited TNF-α induced molecules and protected against reperfusion injury in rats. Kwon et al. (2007) evaluated the effects of anthocyanins extracted from black soybean seed coats on body weight, adipose tissue weight, and serum lipids in rats fed a high fat diet with or without anthocyanins from black soybean seed coats. Weight gain was significantly less in the rats on the high fat diet with black soybean anthocyanins compared with the rats on the high fat diet alone and lipid profiles were also improved. Kanamoto et al. (2011) further determined that extract of black soybean seed coats improved glucose tolerance and lessened obesity by up-regulating uncoupling proteins down-regulating inflammatory cytokines in mice fed a control or high-fat diet containing extract. They concluded that extract of black soybean seed coats could be beneficial for the prevention of obesity and diabetes by enhancing energy expenditure and suppressing inflammation.
Colorectal cancer is one of the most common types of cancer worldwide; the results of some epidemiological and experimental studies have suggested that soy intake decreases the risk of colorectal cancer, although other researchers have said that there is no conclusive evidence showing that soy reduces the risk of cancer (Messina & Barnes, 1991) . Kim, Kim, Yoo, Choung and Sung (2008) studied the anti-inflammatory and antiproliferative activities of anthocyanidins and anthocyanin-rich black soybean seed coats in HT-29 human colon adenocarcinoma cells and carcinogen-treated F344 rats and found that anthocyanidins are possible anti-inflammatory agents, although in their experiment they did not observe anti-tumor effects.
Ultraviolet radiation (UV) especially UVB plays a major role in the development of human skin cancer (Ley, Applegate, Fry, & Sanchez, 1991; Matsui & deLeo, 1995) . Cylooxygenase-2 (COX-2) production is significantly increased by UVB exposure and is often used as an early marker for potential skin tumor formation (Athar et al., 2001) . Tsoyi et al. (2008) determined that anthocyanins isolated from black soybean seed coats inhibited COX-2 production in a human keratinocyte cell line. They also found that topical application of anthocyanins prior to UVB irradiation of hairless mice also inhibited induction of COX-2, and they therefore suggested that anthocyanins from the seed coat of black soybeans can be used to modulate UVB-induced inflammation and potentially act to reduce the risk of skin cancer. diabetes mellitus. Nizamutdinova et al. (2009) investigated the anti-diabetic and anti-oxidative effects of anthocyanins from black soybean seed coats in rats with induced diabetes. Anthocyanins significantly decreased glucose levels and improved heart function and also decreased the triglyceride levels in blood serum that had been raised by the diabetes inducing drug. Interestingly, they found that the observed effects of the anthocyanins were superior to those of glibenclamide, a drug commonly used to treat type 2 diabetes in humans. Paik et al. (2012) examined the effect of anthocyanins extracted from the seed coat of black soybean on an animal model of retinal degeneration (RD), a leading cause of photoreceptor cell death that results in blindness. Anthocyanins were given daily by mouth for 1, 2 or 4 weeks in rats with induced RD. In control rats with induced retinal damage, electroretinographic (ERG) recordings showed a gradual significant time-dependent reduction in both a-and b-wave amplitudes compared with those of normal animals. In the RD rats given anthocyanins for long-term treatment, 4 weeks, ERG responses were significantly increased compared with untreated RD rats; however, in the RD rats given anthocyanins for 1 and 2 weeks, the increase in ERG responses was not significant. Table 4 . Anthocyanins isolated from soybean seed coats
Peroxidase
The enzyme peroxidase contained within the seed coats of soybeans has a potentially high commercial value. It has been known since the 1960s that soybean seed coats contain various peroxidases but it was not until the late 1990s that peroxidase was able to be measured and extracted from soybean hulls (Vierling & Wilcox, 1996) . Peroxidases are used in a wide variety of applications including biocatalysis, diagnostic testing, biosensors, recombinant protein expression, transgenics, bioinformatics, protein engineering and even therapeutics (Ryan, Carolan, & O'Fagain, 2006) . Soybean peroxidase (SBP) is more stable, acts on a broader range of compounds, and has higher oxidation power than other enzymes (Wright & Nicell, 1999) . Horseradish peroxidases are currently the most used and studied peroxidases, but the supply of the horseradish is limited and horseradish peroxidases are very unstable under high temperature (Kamal & Behere, 2002) . Horseradish peroxidase requires enhancers when used in ELISA systems whereas SBP can be used in a very simple detection system using only luminol and hydrogen peroxide, without the need of enhancers (Alpeeva & Sakharov, 2005) .
Fiber
The beneficial effects of increased fiber consumption are well known and have been thought by many to result from chemical and/or physical properties of the intact fiber such as water-holding capacity or adsorption of bile acids (Jenkins, 1988) . However, it became obvious to early researchers that many of the beneficial effects of fiber are mediated by short-chain fatty acids (SCFAs) including acetate, propionate, and butyrate, which are produced during anaerobic fermentation in the colon (Titgemeyer, Bourquin, Fahey, & Garleb, 1991) . Titgemeyer et al. (1991) assessed production of SCFAs from various fiber sources with in vitro incubations with human fecal bacteria as inoculum. Total SCFA production from soy fiber ranked second only to citrus pectin and well ahead of sugar beet fiber, pea fiber and oat fiber. Fermentation of soy fiber also led to higher proportions of propionate and butyrate than did fermentation of other substrates. Propionate has been shown to lower glucose-induced insulin secretion in isolated pancreatic islet cells of rats (Ximenes, Hirata Vol. 3, No. 6; Carpinelli, 2007 . It is also reported that propionate has anti-proliferative effects on colon cancer (Scheppach, Bartram, & Richter, 1995; Jan et al., 2002) and is related to weight control and eating behavior (Oba & Allen, 2003; Zhou et al, 2008) .
Clostridium difficile colitis is a disabling complication in critically ill patients who are receiving broad-spectrum antibiotics and are on liquid diets. Frankel et al. (1994) used a hamster model to determine whether the addition of soy fiber to a liquid diet prevented or lessened the effects of C. difficile. Syrian hamsters were given either clindamycin or C. difficile (to produce ileocecitis), or equivalent volumes of saline, then fed either a routine liquid diet or the same diet with 1.4% soy fiber for 10 days. The addition of soy fiber recued toxin production and liquidity of stooles compared to the control, as well as increasing survival by 34%. It was also determined that fiber supplementation was able to prolong survival in this model due in part to a delay in onset of C. difficile infection, and in part to improved water absorption in the colon.
Conclusions
There is an increasing interest in maximizing the utility of waste streams from processed fruits and vegetables in order to boost economic efficiency and reduce waste. Soybean seed coats, also known as hulls, represent a large waste stream in the United States and other countries. Eating foods made with soy has long been associated with a lowered risk of heart disease and cancer, among others. These health benefits have often been studied in relation to a particular soy component, such as isoflavones and anthocyanins. Isoflavones are not found in the seed coats, but a large number of other beneficial chemicals such as the anthocyanins, Bowman Birk Inhibitor, and dietary fiber are present in the seed coats. At the present time the seed coats removed from soybeans in the crushing plants where meal and oil are produced are either put back into the meal or sold for direct use as animal feed. While hulls are primarily seen as a waste by-product, there is potentially high commercial value associated with the enzymes and other chemicals contained within the seed coats Additionally, studies indicate that soybeans with black, brown, green, and yellow seed coats differ in their antioxidant properties, flavonoid levels, total phenolic contents, and proanthocyanidin content. For instance, black soybeans have been shown to have greater inhibitory effect against lipid peroxidation in human LDL than yellow ones. This suggests the possibility of developing novel soybean lines with a selected seed coat color to be used as bioactive ingredients in functional foods targeting different health problems.
